Abstract-Nowadays, the railway transport field imposes stringent technological limitations in terms of safety requirements and cost savings, which ask for an accurate design for all the devices installed onboard the trains. Switching devices for railway applications have to be optimized in size, weight, and cost; their accurate design allows to reduce the development costs and time. Moreover, the evaluation of electromagnetic forces acting on the current-carrying parts of switching devices is crucial for their proper operation and sizing, especially referring to movable conductors. This paper provides two methods, namely, an analytical and a numerical one, to evaluate the electrodynamic forces in switching devices with complex-shape circuits. The analytical method is a predesign tool able to evaluate in a fast way the electrodynamic forces on the current-carrying conductors. The numerical tool is a verification model that evaluates the forces generated by currents and flux densities by using a 3-D finiteelement method. These methods are here applied to fully analyze a so-called earthing switch for railway application. Numerical results are reported to prove the effectiveness of the proposed methods.
I. INTRODUCTION

E
UROPEAN railway transport system is recently witnessing a great development in high-speed services for citizens, with many industrial operators across the continent ordering trains with speeds up to 400 km/h. Limitations in size and weight of electric equipment on one hand, and increased safety requirements on the other, ask for a high level of optimization of all the onboard electric devices. Thus, in the field of switching devices for railway applications, it is necessary to properly optimize current-carrying materials, especially the most valuable copper parts. This process has to take into account, at the same time, proper operation in all the operating conditions, proper protection level for people and equipment, and increasingly cost reduction needs. In this context, the knowledge of the electrodynamic force acting on closed electric contacts, carrying high currents, is crucial for the proper operation and sizing of switching devices.
This paper aims to fully analyze an earthing switch for high-speed train in order to provide a predesign method and a verification model able to evaluate the electrodynamic forces acting on closed electric contacts, which carry very high currents for a short time. This has to be done in a fast way and without incurring in very expensive and time-consuming laboratory tests on prototypes. This method can be applied to all switching devices whose current-carrying parts and/or circuits have a rather complex shape. According to [1] , an earthing switch is "a mechanical switching device for earthing parts of a circuit, capable of withstanding for a specified time, currents under abnormal conditions such as those of short circuit, but not required to carry currents under normal conditions of the circuit." Thus, the electrodynamic force acting on closed contacts, when fault current is flowing into its current-carrying parts, must never cause the opening of the contacts.
The electrodynamic force acting on closed contact is generally divided into two main components: the force derived from current-carrying conductor loop, usually referred to as Lorentz force, and the force due to current constriction between contacts, usually referred to as Holm force. The latter depends on the electrical behavior of the contact interface. At microscopic scale, real surfaces are rough, containing peaks and valleys, and mechanical contact occurs only in a specific number of areas on the apparent area of contact. Several theories have been developed to model contact phenomena. Early electric contact model is ascribed to Holm [2] ; it describes the contact mechanism of curved elastic bodies, known as the Hertzian solution, and derives the contact resistance and the repulsion force between contact members. Greenwood and Willamson [3] extended the Holm's model to a statistical population of asperities. More recent research is based on several methods. Fractal geometry has been applied for the surface description and elastic-plastic deformation on contacting asperities [4] , [5] . X-ray [6] and atomic force microscopy scan [7] have been used to produce contact maps and to set up FE model for the calculation of the elasto-plastic deformation due to loading-unloading cycles. Statistical models [8] for elasto-plastic contact between the rough surfaces, taking into account Gaussian distribution for the asperity, have been developed. In [9] , a multifield and multiscale theory for the interface between two contact rough surfaces, activated by mechanical load and electric current pulses, is derived. The macroscale level models the contact of two deformable bodies along a common boundary. Mesoscale takes into account for the roughness of the contacting surfaces. In the microscale, only a single asperity is considered. The analysis of a whole 2156-3950 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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device requires a macroscale approach without resolving lower scales.
Since switching devices can present a high degree of complexity, a finite-element method (FEM) analysis can be used to solve for the electrodynamic force acting on closed contacts. In [10] , the total repulsion force between currentcarrying cylindrical contact members is calculated by using FEM model. Current constriction between contacts was simulated introducing cylindrical contact bridge between contact members. In [11] - [13] , FEM was applied to evaluate total repulsion force and opening time of circuit breakers. In [14] , a FEM mechanical model was applied to the calculation of frictionless nonadhesive contact between a rigid plane.
This paper presents two different methods for the calculation of electrodynamic forces acting on current-carrying parts. The first one is a predesign analytical approach developed to be an easily implementable and very low computational load tool. The second one is a verification model based on the evaluation of the current density and the magnetic flux density fields into the current-carrying parts of the earthing switch, whose solution is numerically calculated using FEM.
The manuscript is organized as follows. Section II provides the description of the analyzed earthing switch. In Sections III and IV, the predesign and verification models are developed, respectively. Section V shows the results of the calculation of electrodynamic forces carried out with both methods, drawing conclusions in Section VI.
II. EARTHING SWITCH SYSTEM DESIGN AND CASE STUDY
The device analyzed in this paper is an earthing switch, specifically designed to be installed onboard high-speed trains. Because of the reduced spaces for the traction and auxiliary systems, the shape of the current-carrying circuits of the earthing switch becomes quite complex.
The earthing switch here analyzed is a normally open threepole single-throw device with one common terminal and three output terminals. Three electric circuits are defined as follows: 1) from common terminal to output terminal 1, hereafter referred as "Circuit 1"; 2) from common terminal to output terminal 2, hereafter referred as "Circuit 2"; 3) from common terminal to output terminal 3, hereafter referred as "Circuit 3." Fig. 1 shows the rendering of the whole current-carrying parts of the earthing switch in closed position.
The main parts that compose the three circuits of the earthing switch, as shown in Fig. 1 , are as follows:
1) fixed conductors (1); 2) movable conductors (2); 3) sets of Belleville washers, or coned-disc springs (3); 4) contact carrier rings (4); 5) shaft (5); 6) copper bars (6); 7) round braided copper wire (7) . The shaft and the contact carrier rings are made of brass, while all the other components are made of copper. In particular, the shaft and the rings are the common current-carrying parts of the earthing switch, and they are connected to the common terminal through a round braided copper wire.
Each contact consists of a pair of parallel movable conductors and a fixed conductor; it looks like a knife blade contact where the pair of movable conductors is the jaw and the fixed conductor is the knife. Three sets of Belleville washers press movable conductors on the contact carrier ring (two contact points, one for each set) and on the fixed conductor (one contact point). When the earthing switch is closed, the rated force generated by each set of Belleville washers is 288 N. A pair of movable conductors and three sets of Belleville washers compose a movable contact. A pair of fixed conductors, a pair of copper spacers, and a copper bar compose the double fixed contact of Circuit 1, while a fixed conductor and a copper bar compose each single fixed contact of Circuit 2 and Circuit 3.
The fault current that can flow in an earthing switch onboard the rolling stock is the overhead line to rails short-circuit current. Standards [15] give the typical fault current values and durations for several electric railway systems. According to [15] , technical specifications of the earthing switch analyzed in this paper set the maximum current for each circuit and their duration. Circuit 1 has to carry a current of 50 kA for 25 ms, while Circuit 2 and Circuit 3 have to carry a current of 25 kA for 25 ms. Moreover, it is specified that the three circuits have to be tested at once. Thus, the evaluation of electrodynamic forces has been applied three times for each modeling approach, taking into account one circuit at a time. Since the short-circuit test is carried out in direct current, the models in Sections III and IV will be derived accordingly.
III. ANALYTIC MODELING
The predesign approach, hereafter called analytic modeling, allows to evaluate the electrodynamic forces acting on currentcarrying parts and to quantify the interaction between them. This tool is based on a remarkable simplification of the problem geometry and closed-form expressions. The preliminary task is to identify the main path of the electric current within the earthing switch and to sketch it with straight current-carrying conductors of negligible cross section (1-D elements), referred to as straight wires in the following. Hence, this approach defines the geometric model of the earthing switch: it is a model in a 3-D space composed by 1-D elements. Figs. 2-4 show the sketches, in terms of straight wires, of "Circuit 1," "Circuit 2," and "Circuit 3."
The segments drawn in solid lines are the straight wires that represent the main path of the electric current in the earthing switch. They are the basic elements that model shaft, movable contacts, fixed contacts, bars, and the braider wire. The shape of the braided wire is difficult to define since it depends on how the earthing switch will be installed. In the model, only the part of the braided wire closest to its terminal bolted to the contact carrier ring is taken into account. The selection of the number of straight wires that represents each component is a tradeoff between accuracy and complexity that takes into account both the shape and the cross section of the component.
The main goal of such analysis is the evaluation of the electrodynamic forces acting on movable conductors, and thus, they deserve a more accurate representation than all the other components. Since the cross section of movable conductors is rectangular, whose length is about three times the height, a group of three parallel straight wires allows to represent with a good accuracy the current distribution inside movable conductors.
The symbol like a pair of opposing arrowheads indicates each interface where the contact between elements is not a rigid constraint, and the contact force is much lower than the force of a fixed bolted constraint. They are the contacting surfaces where Belleville washer generates the contact force, namely, between movable contacts and fixed contacts, and between movable contacts and contact carrier rings.
The segments drawn in dotted lines represent the regions of the earthing switch that cannot be represented by straight wires, namely, the contact carrier rings, because electrical current lines distort, thicken, or thin. Since the geometrical dimensions of these regions are very small, they are considered as an ideal dimensionless node that connect wires; thus, their contribution in terms of the electrodynamic forces is neglected in the analytical model of the earthing switch.
In the following, the electrodynamic forces calculation based on the straight wires sketch is presented. At first, the electrical model for the calculation of the electric currents within each current-carrying part is developed. The results of the electrical model are the input data for the calculation of electrodynamic forces acting on these parts of the earthing switch. The solution of this model is calculated using an iterative process.
A. Electric Current Modeling
The electric current modeling is the tool that allows to calculate the currents within each active part of the earthing switch, starting from the current at its terminals.
One or more 1-D straight wires represent each currentcarrying part. A resistor is associated with each 1-D straight wire and to each a group of parallel straight wires, whose resistance is
where l is the length of the current path, S is the area of the cross section perpendicular to the charges path, and σ is the electrical conductivity of the material. On the contacting surfaces where Belleville washer generates the contact force, the traditional and wide accepted Holm's contact theory [2] is applied. The electric current flows in a circular spot (hereafter referred to as a-spot), whose area is appreciably smaller than the area of mechanical contact. The radius a of circular a-spots is where F is the perpendicular component of the net force applied to the contacting surface and H is the hardness, also called "plastic flow stress" of the softer material [2] , [16] . Holm [2] has shown that hardness is three times the yield stress [17] ; the values used in this paper for the yield stress are 70 MPa for copper and 200 MPa for brass. The distortion of electric current line in the volume closest to the a-spot leads to the constriction resistance
where σ 1 and σ 2 are the electric conductivity of the contacting materials. Contact resistance represents the electrical behavior of each contacting surfaces between movable and fixed conductor, and between movable conductor and the contact-carrier ring.
The electric model is a two-terminal resistance network connected to an independent current source. The set of currents in all branches, representing one or more straight wires, has to be calculated. In case of resistors that represent a group of parallel straight wires, it is assumed that the branch current is equally divided into each straight wire. Since the electrodynamic forces depend on the product of two electric currents, they are invariant with respect to direction of the independent current source.
The solution of this electric circuit is quite simple and can be calculated with several methods. For this kind of circuit, the more effective solution method is the nodal analysis. Figs. 5-7 show the resistance network of "Circuit 1," "Circuit 2," and "Circuit 3," respectively.
B. Electrodynamic Modeling
The electrodynamic modeling is the tool that allows to calculate the net electrodynamic force applied to any active part of the earthing switch derived both from the interaction of the electric current and its own magnetic field and the Holm force due to current constriction at contacting surfaces.
The interaction of any active part with current-carrying conductor loop is calculated, considering the geometric model of the earthing switch. The infinitesimal force dF i acting on the infinitesimal part of the i th wire due to the interaction with the j th wires is
where dl i and dl j are the vectors that identify the i th and j th infinitesimal parts of the wires whose magnitude is the infinitesimal length of the wire and their direction is along the wire, aligned with the direction of conventional current flow; I i and I j are the current into i th and j th wire, and r is the vector connecting dl i with dl j . The net force F of a finite-length wire is
where l is the length of the wire. The use of (4) and (5) for the calculation of the electrodynamic force on a section of electrical circuit requires the calculation of two line integrals. A quite general approach to simplify and numerically calculate (4) and (5) is to consider straight and finite-length wires instead of infinitesimal ones. In this case, the electrodynamic interaction between i th and j th straight wire is approximated as
where l i and l j are the vectors whose magnitude is the length of the i th and j th straight wire, respectively, whose direction is along the wire and aligned with the direction of conventional current flow, and r is the vector connecting the midpoint of the i th straight wire with the midpoint of the j th straight wire. The accuracy of (6) depends on several factors, such as the mutual position of the straight wires, their length, and their distance. Results are more accurate as the i th and j th straight wires are short and spaced. There are very simple geometries where (4) and (5) can be calculated in a closed form; one of them is the two infinitelength parallel straight current-carrying wires. In this case, the force per unit length applied to both conductors is
where d is the distance between the two wires and f || is the magnitude of the force per unit length. Electrodynamic forces on parallel wires lie in the plane containing the wires and are perpendicular to them; if the currents are in the same direction, wires attract each other, otherwise they repel. In the case of finite-length parallel wires, the electrodynamic force is
where l is the length of wires. Equation (8) neglects the edge effects, and its accuracy is higher as the distance d is small compared to the length of the conductors l. Electrodynamic force due to the constricted current passing through a contacting surface is a 3-D problem; the model based only on 1-D straight wires is not suitable to evaluate this effect. Holm [2] has shown that current constriction causes a repulsion force that acts on the contacts and whose direction is perpendicular to the contacting surface. For a long cylindrical rod with a tapered end, making contact on a flat infinite plate, the magnitude of the repulsion force [2] , [18] , also called as Holm force, is
where b is the radius of rod and a is the constriction radius. In contacting surfaces, b is the radius of nominal contact area and a is the radius of the spot. Equation (9) is exact for cylindrical geometry. It can be applied, also with good approximation, to contacts whose geometry is quite far from the axially symmetric geometry. Since the electrodynamic forces caused by short-circuit current must not lead to contact opening, the component of the net forces applied to the movable conductors along the direction perpendicular to the contacting surfaces has to be calculated. In the Cartesian coordinates system taken as a reference (see Figs. 1-4) , this component is along the z-axis. The electrodynamic interaction between each movable conductor and the other active parts, with the exception of the other movable conductor belonging to the same contact, is evaluated by using (6) . The electrodynamic interaction between each pair of movable conductors is evaluated by using (8) . The Holm repulsion force is applied on each contacting surface where Belleville washers generate the contact force, namely, between movable and fixed conductor, and between movable conductor and contact-carrying ring. Each movable conductor is supported at three points, and it is assumed that the electrodynamic force is uniformly distributed on these points. The net contact force along the z-axis acting on each contacting surface, used as the input of (2), is
where F BW is the force generated by the Belleville washers and F L ,i is the component along the z-axis of the Lorentz force due to the electrodynamic interaction between straight wires. Thus, the net electrodynamic force F ED is the sum of Holm and Lorentz forces.
C. Iterative Solution
The radius of the a-spot and the contact resistance depend on the net force applied perpendicular to the contacting surface. The net force applied to the contacting surface depends on both the radius of the a-spot and the current flowing in each part of the earthing switch, and the latter depends on the contact resistances. The solution of the electrical and the electrodynamic models requires an iterative approach. The starting parameters of the electric model, namely, the contact resistance, are calculated, considering the force generated by the Belleville washers as the net force along the z-axis acting on each contacting surface. Then, the set of currents into the earthing switch and the perpendicular component of the net force applied to the contacting surfaces are evaluated. The currents into the movable conductors and the electrodynamic force acting on them are compared to the same variables at the previous step. If their difference is above the tolerance threshold, a new iteration of the calculation loop is necessary; otherwise, the loop ends and the electrodynamic forces calculated represent the solution of the model. Thresholds are defined according to the relative error defined as
where n is the step number (n = 0 means initial value) and X represents the variable used in the convergence criteria. The flowchart in Fig. 8 summarizes the iterative process.
IV. MULTIPHYSICS FEM MODELING
The FEM modeling allows to simulate the earthing switch in detail and to evaluate with great accuracy the net electrodynamic force acting on the movable conductors. It is based on the numerical evaluation of the current density and the magnetic flux density fields. In the following, the equations and the boundary conditions required to set up the multiphysics model of the earthing switch, and available in the electric and magnetic modules of commercial software for finite-element analysis, are reported. The domains and the surfaces where differential equations and boundary conditions, respectively, apply are also specified.
The solution of this model is calculated using an iterative process.
A. Electric Current
The electric currents physics is the set of equations, boundary conditions, and sources that models electric currents in conductive media, solving for the electric potential V . Ohm's law models the electric current into the earthing switch's conductors
The current density J is calculated from the electric potential as follows:
The domain where (12) is solved comprises all the conductors where current flows. In this paper, they are selected according to the circuit under study.
The boundary conditions define the path of the electric current into the conductors. Electric insulation sets no electric current flows into the boundary; thus
where n is the normal vector of the boundary. It applies on all the exterior boundaries, except for the input and output terminals. The input terminals are the end face of each copper bar; the current terminal boundary condition sets the current entering in this surface (I 0 ). The output terminal is the end face of the copper braid, and ground boundary condition (V = 0 V) is applied on this surface. It sets the reference voltage, allowing the surface to act as a current sink. Continuity boundary condition sets the flow of current between two contacting surfaces n · J 1 + n · J 2 = 0
where J 1 and J 2 are the current density fields on the contacting domains common surface. It applies on all interior boundaries, with the exception of the contacting surfaces where constriction has to be represented, namely, between movable and fixed conductor, and between movable conductor and the shaft. A circular a-spot is placed in the center of each contacting surface to define the area where the constricted current flows according to the Holm theory. With the same approach, on each contacting surface, the electrical insulation applies outside the a-spot and continuity applies inside it (Fig. 9) . 
B. Magnetic Field
The magnetic fields physics is the set of equations, boundary conditions, and currents that allows to model magnetic fields, solving for the magnetic vector potential A. The Ampere's law that models the magnetic field is
where M is the magnetization and the current density J is calculated according to (13) . Equation (16) refers to the quite general case. Since in the earthing switch there are neither elements made of ferromagnetic materials nor permanent magnets, M is nil in all domains. Equation (16) is solved in all domains. The magnetic flux density B is calculated from the magnetic vector potential as follows:
The magnetic field calculation requires to enclose an air domain. A sphere whose radius is twice the maximum extent of the earthing switch represents it (see Fig. 10 ).
The magnetic field calculation is an open boundary problem. FEM modeling does not allow to model open-boundaries geometries; nil magnetic field at infinite distance is obtained by setting both the magnetic insulation and infinite elements domain on the exterior boundary. Infinite element domain applies a coordinate scaling to a layer of virtual domains all around the modeled region, so the boundary conditions on the exterior surface of the modeled region are effectively applied at a very large distance. The equation that represents magnetic insulation boundary condition is
Then, the net electrodynamic force F L applied to each electrically conducting domain is calculated with a postprocessing operation that takes into account both the solutions of electric current and magnetic field modeling, as
It is important to notice that the approach described earlier, based on the solutions in sequence of the current flow model and magnetic model, is not the most efficient in terms of computational time. As a matter of fact, the magnetic module of commercial FEM software allows to define conductive domains subject to a lumped excitation, such as voltage or current. The magnetic module translates the external excitation into a conduction current (as a current density) flowing in these domains without the need of any additional electric current module. Moreover, the use of only one specific module allows the software to calculate the solution by using the most efficient formulation of the problem and the most suitable numerical solver.
However, it is necessary to set condition (14) on some surfaces inside the conductive domains, namely on contacting surfaces outside the a-spots, in order to represent current constriction. Unlike the electric current module, the magnetic module does not allow to set any conditions on all the surfaces inside the conductive domain because it automatically assumes continuity condition on them. Thus, the use of the electric current module to calculate the source of the magnetic flux density, namely the current density, is necessary, and it is the most effective way to include current constriction in the FEM model.
C. Iterative Solution
The FEM is based on time and space discretization of problems described by partial differential equations. Space discretization is obtained building a mesh according to the shape of the objects into the model. During the solution of discretized partial differential equations, the mesh cannot change. Thus, FEM modeling does not allow to set domain shapes and boundary geometry that depend on the solution of the problem.
As mentioned in Section III-C, the radii of each a-spot depend on the Lorentz forces acting on each movable contact, and the latter depends on current constriction. Thus, the solution of the FEM model is calculated by using an iterative loop. The radii of spots, and therefore the mesh, at current step are calculated, taking into account the Lorentz forces evaluated at the previous step. The calculation loop ends when the difference between the radii of each spot at current iteration and the radii of the same spots at previous iteration is less than a predefined threshold.
V. RESULTS
In this section, the results obtained from the analytical and FEM models, described in Sections III and IV, respectively, are reported and discussed. As mentioned, the earthing switch is composed of three circuits that are tested once at a time. Three solutions are calculated for both modeling approaches. Tables I-III show force is calculated, namely, the movable conductors, are in the columns; the elements of the circuit they interact with are in the rows. According to Figs. 2-4, negative z-component of electrodynamic force on MC1A, MC1C, MC2A, and MC3A, as well as positive z-component on MC1B, MC1D, MC2B, and MC3B, increases the contact force generated by the Belleville washers. In all circuits, the attraction between the pair of movable conductors of each contact represents the main contribution to the net electrodynamic force: it is evaluated between 97.8 and 126.8 N, and it always increases the overall contact force. In addition, the repulsion force due to current constriction is a common feature of all circuits. At the interface between movable and fixed contact, repulsion force is between 32.7 and 45.6 N, while current constriction at both the interfaces between movable contact and shaft causes a net repulsion force between 14.4 and 20.1 N.
A. Analytic Modeling
In Circuit 1, the z-component of the net electrodynamic force on MC1A, MC1C, and MC1D increases the overall contact force, while on MC1B tends to open the contact. Anyway, the contact remains closed because the force generated by the Belleville washer is definitely higher than the electrodynamic force. The z-component of the net electrodynamic force acting on the inner movable conductors, namely, MC1B and MC1C, is lower than the z-component of the net electrodynamic force acting on the outer movable conductors, namely, MC1A and MC1D. The inner movable conductor of each contact is simultaneously attracted, in opposite directions, by the outer movable conductor of the same contact and the movable conductors of the adjacent contact, respectively.
In Circuit 2, the z-component of the electrodynamic force due to the interaction of movable conductors with other parts of the current-carrying loop is very low. The z-component of the net electrodynamic force acting on movable conductors mainly results from attraction between them and repulsion due to constriction at contact spots. The results for the two movable conductors are not the same because of the asymmetry of the current-carrying loop.
In Circuit 3, the z-component of the net electrodynamic force on MC3A is high and increases the overall contact force, The z-component of the net electrodynamic force acting on each movable conductor is always less than a quarter of the constant force generated by the Belleville washer. The radius of each spot depends on the square root of the overall contact force; thus, its value at the end of the calculation loop does not differ more than about 10% of its initial value. The same variability range applies to the contact resistance and, consequently, to the current distribution in the movable conductors. Thus, the variability range of the Holm forces is little, as they depend on the logarithm of the ratio between the radius of rod and the constriction radius. As a result, the net electrodynamic forces evaluated at the initial step, namely, taking into account only the contact force generated by the Belleville washer, are already a good approximation of the solution found at the end of the calculation loop. Table IV summarizes the main results obtained by the analytic model. It shows the z-component of the net electrodynamic forces evaluated both at the first step and at the end of the iteration loop, and in the last column, the z-component of the contact force applied to each movable conductor, including the constant force generated by the Belleville washer. This last column clearly shows the order of magnitude of the net force applied to each movable conductor.
B. Multiphysics FEM Modeling
The FEM models allow to represent physical phenomena in complex systems without strong approximations on the geometry of the simulated devices. The results obtained from FEM are taken as the reference, and they are compared to the same results obtained from the analytic tool, in order to validate it and to assess its accuracy. In this context, the deviation between results is the best accuracy indicator instead Rather large differences between FEM and analytic model can be found in the tangential components of the electrodynamic force, namely, along the x-axis and the y-axis, applied to movable contacts. These components arise from currents that are perpendicular to the plane of the main current path. The solution of the FEM model clearly shows that the current density in many components has a nonnegligible component in this direction, such as close to a-spots or near holes. The analytic model neglects all the components of the current density in any direction different from the longitudinal one, while the FEM model takes into account the actual shape of each current-carrying conductor.
A good accuracy can be found in the normal component of the electrodynamic force, namely, along the z-axis, that is the only relevant to prevent the opening of the contacts; the maximum deviation between FE and analytic models is 34.6 N. In detail, differences up to 17.2 N can be found for the pairs of movable contacts MC1C-MC1D (Circuit 1), MC2A-MC2B (Circuit 2), and MC3A-MC3B (Circuit 3), while for the pair MC1A-MC1B (Circuit 1), deviations are approximately the double. The higher deviations found for the pair of movable contacts MC1A-MC1B are mainly related to the complex current density field into the carrier ring and the shaft close to the contact; an ideal dimensionless node approximates it in the analytical model. In all the other cases, approximation with a dimensionless node is weaker because the current density into the carrier ring close to the contact is quite regular and limited to a small space.
The differences between FE and analytic model are mainly due to the following reasons.
1) In the analytic model, rather geometrically complex current-carrying parts are represented as 1-D straight current-carrying wire or small group of wires and edge effects are not taken into account. 2) In the analytic model, contact carrier rings are ideal dimensionless nodes that connect wires. The interaction, in terms of electrodynamic force, between the current flowing into contact carrier rings and current flowing into movable conductors is neglected. 3) The geometry close to the contacting surfaces is very different from the cylindrical geometry, and the constricted current lines have a shape that is a sort of stretched "S," instead of an axisymmetric configuration. The use of (9) for the evaluation of Holm force introduces a further approximation. Despite the approximations, the analytic approach is useful to estimate the electrodynamic forces into such a kind of switching devices. It is relevant in the preliminary stages of the project, when the fundamental shape of the currentcarrying circuits has to be defined. The setup of the analytical model is a tradeoff between complexity and accuracy. The latter can be further improved by increasing the detail of the geometric model, such as copper bars divided in more sections or movable conductors represented by a larger number of parallel straight wires. Anyway, the increase in the number of straight wires leads to a greater complexity of the model.
The computational loads of the two models are highly different. On a desktop PC equipped with a 3.07-GHz Intel Core i7 processor and the RAM of 16 GB, each iteration of the analytic tool requires about 500 μs, while the average computational time of each iteration of the FEM tool is 45 min. Thus, the FEM model is relevant in the verification stages of the project, reducing the need of long and expensive experimental test campaigns on prototypes.
C. Discussion of the Iterative Process
This paragraph briefly reports some further considerations with respect to the computational aspects related to the iterative process, both for analytical and FEM methods.
The z-component of the net electrodynamic force evaluated at the start of the iteration loop is close to the value obtained at the end of the loop. It is a common feature of each movable conductor and of both modeling approaches, and it depends on whether the Belleville washers generate most of the contact force. As a consequence, the calculation loop needs a few steps to converge to the solution. Moreover, an approximate direct solution based on the constant contact force generated by the Belleville washers can be considered in order to strongly reduce the computational time without a significant lack of precision. Fig. 11 shows the convergence plots of the analytic model; the thresholds are 10 −4 for the net electrodynamic forces relative error, and 10 −3 for the movable conductor currents relative error. Quite similar convergence speed characterizes the FEM model.
Figs. 12-14 report the radii of a-spots that characterize the three contacting surfaces of each movable conductor as a function of the iteration number, in the case of both analytical (solid line) and FEM (dashed line) model. Small variations of a-spots radii can be found at the first iteration; thereafter, a-spots radii remain almost constant.
VI. CONCLUSION
In this paper, two methods for the evaluation of the electrodynamic forces acting on current-carrying parts of a switching device are presented. An earthing switch for railway application is fully analyzed by using both modeling tools with the aim to verify that the electrodynamic forces generated by fault currents and acting on closed contacts do not cause their opening.
The results of the analytical model show that the attraction between the pair of movable conductors of each contact is the main contribution to the net electrodynamic force acting on them. The shape of each contact helps to keep the contact close when high currents flow. Anyway, the effects derived from current-carrying conductor loop and those due to current constriction are quite significant. The analytical model is faster and easy to implement; its results are rather accurate even if some approximations are introduced.
FEM model allows to evaluate the forces generated by currents and flux densities without any approximations related to the shape of the device. It is quite accurate, but it requires specific software, and the simulations require long computational time.
Therefore, the analytic tool is useful to estimate with acceptable accuracy the electrodynamic forces acting on movable conductors and to evaluate the electrodynamic interaction between them and each part of the current-carrying loop, being useful in the preliminary stages of the project. Once the shape of the current-carrying loop is defined, the FEM model allows to verify the project, thus reducing the need of long and expensive experimental campaigns on prototypes.
